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Abstract
If there is new physics associated with the top quark, it could show up
as anomalous couplings of the top quark, such as Ztt and Wtb vector and
axial-vector couplings. We use the processes tt ! Z0Z0, tt ! W+W−, and
tt ! Z0H to obtain the unitarity constraints on these anomalous couplings,
and combine these constraints with those from precision electroweak data. A
nonzero measurement of such an anomalous coupling will put an upper limit
on the new physics scale by the unitarity condition.
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The combined CDF [1] and D0 [2] measurements give a top mass of mt = 175 9 GeV.
The large size of the top quark mass, near the scale of electroweak symmetry breaking,
suggests that the interactions of the top quark may provide clues to the physics of electroweak
symmetry breaking and possibly evidence for physics beyond the standard model.
If the new physics occurs above the electroweak symmetry breaking scale, its eects can
be expressed as non-standard terms in an eective Lagrangian describing the physics at
or below the new physics scale. Such non-standard interactions, in the form of anomalous
vector and axial-vector couplings of the top quark to the W and Z bosons, will aect Z
decay widths. The recent measurement of Rb [3], the ratio of the decay widths Z ! bb and
Z ! hadrons, provides a strong motivation for studying these anomalous couplings [4,5].
Limits on these couplings from precision measurements at LEP and SLC have been obtained
at the one-loop level [6].
In the standard model, the gauge symmetry enforces perturbative unitarity at all scales.
In an eective theory with nonvanishing anomalous couplings the gauge symmetry is explic-
itly broken, the renormalizability is spoiled, and partial wave unitarity will be violated at
high energies [7]. When such anomalous couplings are present in the eective interaction,
new physics should replace the eective Lagrangian at a scale  which is below the scale
where unitarity is violated, so that the anomalous contributions are cancelled and pertur-
bative unitarity is restored. Such unitarity constraints have been used recently to put limits
on anomalous Yukawa couplings of the top quark [8].
In this paper we will examine the unitarity constraints on anomalous vector and axial
vector couplings of the top quark to the W and Z by calculating the amplitudes for the
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where the ’s are dimensionless parameters which are absent in the standard model.
The anomalous eective Lagrangian in Eq. 1 is the simplest which can be written for the
weak sector which obeys certain elementary constraints. It is gauge invariant, contains only
dimension 4 operators, and includes only standard electroweak couplings for the b quark
at tree level. This latter requirement arises from the experimental fact that the b-quark
couplings are quite close to the Standard Model. We do not include any extra sources of CP
violation, so that the ’s must be real. We do not include nonstandard photon couplings, so
that electrodynamics is left invariant. Finally, we note that because we have not included all
possible anomalous couplings, but rely upon the assumption that contributions from dierent
couplings do not cancel each other, the results obtained here are not absolute predictions.
The anomalous coupling parameters in Eq. 1 will aect the interpretation of the elec-
troweak measurements at LEP and SLC. In Ref. [6] the authors place restrictions on the
anomalous coupling parameters using complete expressions for electroweak measurables
which even include terms which are not enhanced by M2t =M
2
W . We will update the lim-
its with a new analysis of the precision electroweak data [9], and include the quadratic
terms ignored in these earlier analyses. We will show that these seemingly small terms have
a non-negligible eect on the allowed regions. Then we will combine these results with con-
straints from unitarity. In particular, the 3.2- deviation of Rb = Γ(bb)=Γ(hadrons) from its
standard model value will force the coupling parameters away from zero. This in turn leads
to an upper limit on the scale of new physics should this deviation be due to the couplings
in Eq. 1.
New physics at LEP and SLC can be parametrized in terms of the four parameters S, T ,
U [10] and bb [9,11] dened by Γ(bb) = Γ(bb)SM (1+ bb), which can be expressed in terms of
Rb as bb = (Rb=R
SM
b −1)=(1−Rb). The anomalous coupling contributions to these variables
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where  is the renormalization scale, s2Z = sin
2 W (MZ). We keep the terms quadratic in
the ’s in our analysis, as they will aect the result even when the ’s are not large. As in
Ref. [6], we choose the scale  = 2mt, which assumes that the new physics is related to the
top quark mass, and take mt = 175 GeV and s2Z = 0:2311. We have also investigated the
case  = mt and will comment on it later.
Recent data from LEP and SLC imply the following constraints due to new physics
contributions [9]
S = −0:28 0:19−0:08+0:17 (6)
T = −0:20 0:26+0:17−0:12 (7)
U = −0:31 0:54 (8)
bb = 0:032 0:010; (9)
where the second error in S and T is from varying MH , the standard model Higgs mass,
between 60 GeV and 1 TeV, with a central value at 300 GeV. The CLEO measurement of
b ! sγ [12] also puts a constraint on CCR [13]. We have updated this limit using the most
recent experimental data on mt and b! sγ to get
−0:03 < CCR < 0:00: (10)
Since CCR is constrained to be very small and enters into Eqs. 2-5 only quadratically, we
will henceforth ignore its eects and take CCR = 0.
If only a single  parameter is allowed to vary from zero, there are no solutions consistent
with the values given in Eqs. 6-9 at the two standard deviation level. Of course, this also
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means that the standard model is also not consistent with the data at this level. This is
mainly due to the bb measurement. If two parameters are taken to be nonzero, then there
are solutions consistent with the LEP and SLC data. Figures 1a-1c show the 2- bounds










L , respectively, where the third
parameter in each case is set to zero. These allowed regions do not include the standard
model, again because the bb measurement is not consistent with the standard model at the
2 −  level. The results of a full three-parameter t are shown in Fig. 2, where allowed
regions of NCL versus 
NC
R are shown for various values of 
CC
L .
A brief remark on the importance of the quadratic terms in Eqs. 2-5 is in order. When the
quadratic terms are included, then at the 1- level the only two-parameter case which still




R = 0; the others are no longer consistent
with the data. If the quadratic terms are dropped, however, the allowed regions are aected
and there are allowed regions at the 1- level for each of the two-parameter cases. Thus
the quadratic terms are important even when the magnitudes of the ’s are less than unity.
Furthermore, there are solutions which are identical to the solutions shown in Figs. 1b and
1c, only reflected about CCL = −1. The extra solutions, which require the inclusion of the
quadratic terms, simply change the sign of the Wtb charged-current coupling compared to
its standard model value.
In the calculation of the unitarity constraints, we initially consider the tree-level processes




L , and tt! ZLH, which will be aected by the anomalous
couplings of Eq. 1. For each reaction we consider all helicity combinations for the t and t. The
reactions with transverse vector bosons may be ignored since their rates are suppressed in
comparison with the processes involving longitudinal vector bosons. We are most concerned
with amplitudes that grow with increasing center of mass energy,
p
s, as they are guaranteed
to violate unitarity at some scale. This consideration leads us to discard the processes
tt ! tt and tt ! ZLH, as they do not grow with
p
s, even with nonzero anomalous
couplings. For the same reason, by considering separately each possible combination of the
top quark and the antitop quark helicity, we are led to discard the processes t+t− ! ZLZL,
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and t+t− ! ZLZL. This leaves four independent processes which grow with increasing
p
s.
These four processes are sucient to constrain the four anomalous couplings in our model.
Since all of the free parameters in our model are constrained this way, a measured nonzero
value for any parameter will place an upper limit on the scale of new physics.
For the process tt ! ZLZL, the diagrams which contribute are the t- and u-channel
exchage of a virtual top quark and the s-channel Higgs exchange. To leading order in s the
helicity amplitudes are




s[(1 + NCL − 
NC
R )
2 − 1]: (11)
For the process tt ! W+LW
−
L the diagrams which contribute are the t-channel exchange of
a virtual b quark, and the s-channel exchange of the Z boson, Higgs boson, and photon.
After retaining only leading terms proportional to s and
p
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L ]: (14)
We note that as was the case for the anomalous contributions to S, T , U , and bb, 
CC
R
appears only quadratically, so that its eects can be safely ignored in view of the constraint
in Eq. 10.
With these expressions for the amplitudes, we may determine the constraints from partial
wave unitarity. We consider only the J = 0 partial waves, as they give the strongest






T d(cos ): (15)
Partial wave unitarity implies that j a0 j< 1 for each amplitude listed in Eqs. 11-14.
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However, the most restrictive bound comes from eigenvalues of the coupled channel
matrix, each of which must also be less than 1. If we write the channels in the order t+t+,




L , and ZLZL then the coupled channel matrix for the color singlet







0 0 0 0 T3
T4p
2
0 0 0 0 T1 0
0 0 0 0 T2 0
0 0 0 0 −T3
−T4p
2


































[(1 + NCL − 
NC
R )
2 − 1]; (20)
and we have retained only the terms which grow with s.
The characteristic equation for the roots of Eq. 16 is easily found. The strongest con-





























The bound amax < 1 is the tightest which can be obtained from unitarity. Constraints on







and NCR versus 
CC
L , respectively, for dierent values of
p
s, where the others parameters
are set to zero in each case. We see that for
p
s = 2 − 3 TeV the unitarity constraints are
beginning to encroach on the region allowed by the LEP and SLC data. For each set of




smax, for which both
the LEP and unitarity constraints are satised. The quantity
p
smax can be interpreted as
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the approximate upper bound on the scale of the new physics which is embodied in the
anomalous interactions of Eq. 1. Larger values of
p





NCL are simultaneously allowed to vary. The largest
p
smax occurs when 
CC
L = 0:02; the
constraints on NCL versus 
NC
R for this case are shown in Fig. 4.
Taking the 2- bounds from the data and setting the renormalization scale  = 2mt, we
nd that
p
smax ranges from 2.7 TeV to 6.0 TeV, depending on the particular parameter
set used; these results are summarized in Table I. We have also examined the eect on our
results of changing . Since each of the electroweak observables in Eqs. 3-5 are proportional
to log(2=M2Z), reducing the renormalization scale to  = mt will require the anomalous
coupings to be larger. This shifts the allowed regions in Figs. 1 and 2 farther away from the
origin. This in turn leads to a smaller value of
p
smax (see Table I), which lowers the scale
at which new physics must appear to preserve unitarity. On the other hand, if  > 2mt is
chosen, then the allowed regions shrink in size and are shifted closer to the origin; however,
such larger values of the renormalization scale  are not physically reasonable. Therefore,
the values for
p
smax listed in Table I for  = 2mt represent conservative estimates for the
upper bounds on the scale of new physics.
In summary, our analysis shows that if the deviation from the standard model in the
precision electroweak measurements is due to anomalous weak gauge couplings of the top
quark, then the new physics responsible for these couplings should appear at a scale of
approximately 6 TeV or less.
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TABLES
TABLE I. Maximum value of
p
s which allows anomalous coupling parameters consistent both
with unitarity and with the LEP and SLC data at the 2- level, for various parameter sets.
Nonzero parameters
p
smax ( = 2mt) (TeV)
p





































R = 0, using the
95% CL limits from Ref. [9]. The allowed regions for each of the electroweak variables S, T ,
U and bb are bound by two curves, but the scale has been enlarged so that in (a) only one
of the U curves is shown, in (b) the entire region is allowed by S, and in (c) the entire region
is allowed by U . In each case the region allowed by all the electroweak data lies inside the
bold lines.
FIG. 2. Allowed region from precision LEP and SLC data of NCL vs. 
NC
R for several
values of CCL with 
CC
R = 0, using the 95% CL limits from Ref. [9].





















R = 0 shown for several values of
p
s.
The regions allowed by unitarity lie between the lines for each energy scale. The regions
allowed by LEP and SLC data, taken from Fig. 1, are shown as bold lines.




L = 0:02 and 
CC
R = 0, shown for several
values of
p
s. The regions allowed by unitarity lie inside the lines for each energy scale. The
region allowed by LEP and SLC data is also shown.
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